Abstract: Applications of atmospheric pressure nonequilibrium plasmas, because of their special advantages of forming reactive plasmas in a simple reactor, are spreading into various engineering fields, not only of materials processing, but also into energy and environment areas. Our group has explored new applications of both filamentary and diffuse barrier discharges, including the establishment of appropriate modeling, which enables better optimization of given plasma processes. More recently, microplasmas produced in submillimeter to micrometer reactors are also highlighted in association with atmospheric pressure nonequilibrium plasma because such small-scale plasmas frequently require high-density media to produce. This paper overviews our recent projects: (1) steam reforming of methane using filamentary barrier discharge; (2) deposition of carbon nanotubes in atmospheric pressure radio frequency discharge (APRFD); and (3) synthesis of silicon nanoparticles using microplasma.
INTRODUCTION
Atmospheric pressure nonequilibrium plasma is recognized as weakly ionized low-temperature plasma from the fact that its electron temperature is much higher than its gas temperature. This type of plasma has been produced in filamentary dielectric barrier discharge known as DBD. It has been used historically in the ozone industry since 1857 [1] . Now, DBD is recognized as a viable processing plasma for chemical conversion processes. Its applications are spreading into many fields, such as gas cleaning and fuel reforming, because of the growing concern of the global environment. In the late 1980s, S. Okazaki and coworkers developed atmospheric pressure DBD, in which they propose atmospheric pressure glow discharge (APGD), providing spatially uniform nonequilibrium plasma at atmospheric pressure [2] . Research activities and applications in this new field of plasma science and technology have been expanding not only into gas treatments, but also surface modification, coating, and chemical vapor deposition (CVD) [3] [4] [5] . The primary interest of APGD has been emphasized in practical applications because it minimizes the needs for vacuum systems and enables the handling of bulky materials in a continuous process. It even allows direct injection of liquid precursors to deposit various thin films.
From a fundamental viewpoint, a broad range of operating pressures from 10 -1 to 10 5 Pa might provide a comprehensive understanding of fundamental processes in both gas phase and boundary phenomena in plasma materials processing: It is believed that it will create greater value-added plasma processing in various industries where existing low-pressure plasmas are currently too expensive to introduce. Atmospheric pressure nonequilibrium plasmas have shown remarkable progress in formation techniques in the field of microplasma [6] . Efficient generation methods and diagnostics of microplasma are being investigated, along with the development of new applications including light sources of ultrashort wavelengths, three-dimensional micromachining tools, and other plasma devices. In addition to barrier discharges and microplasma, various types of atmospheric pressure nonequilibrium plasma sources are available to develop desired processes [1, 7, 8] .
This paper provides an overview of materials processing in atmospheric pressure nonequilibrium plasmas based on our recent work. Section 2 introduces fundamental characteristics of both filamentary and diffuse barrier discharges. This paper designates filamentary barrier discharge as dielectric barrier discharge (DBD), and diffuse barrier discharge as atmospheric pressure glow discharge (APGD), but both are actually DBDs. Optical emission spectroscopy, energy balance analysis, and gas chromatographic analysis are provided to distinguish DBD and APGD. In section 3, we introduce atmospheric pressure radio frequency discharge (APRFD) to distinguish it from APGD because radio frequency operation no longer requires a dielectric barrier between metallic electrodes to maintain a spatially uniform discharge at atmospheric pressure [4] . Novel applications DBD, APRFD, and microplasma are introduced briefly in section 3: (1) low-temperature fuel reforming using filamentary barrier discharge, (2) deposition of carbon nanotubes in APRFD, and (3) creation of microplasma and application to the synthesis of silicon nanoparticles. Finally, concluding remarks are presented.
THERMAL STRUCTURE OF FILAMENTARY AND DIFFUSE BARRIER DISCHARGES
Both filamentary and diffuse barrier discharges are characterized as weakly ionized plasma with properties resembling transient high-pressure glow discharge. The immediate termination of developing plasma as a result of the charge built up on dielectric material realizes highly reactive nonequilibrium conditions at atmospheric pressures. On the other hand, the electrical energy put into atmospheric pressure plasma is readily transformed into thermal energy via a large number of particle collisions that might lead to severe gas heating. The energy efficiency of material conversion in those plasma processes is normally less than 10 %. From this perspective, we analyzed energy distribution mechanisms in methane-fed DBD and APGD by focusing on energy balance analysis, emission spectroscopy of the rotational band of CH ((0,0) A 2 ∆ → X 2 Π), and gas chromatographic analysis [9, 10] . We also analyzed thermal structure of DBD and APGD by specifically examining gas temperature profiles across the discharge gap. Detailed electrical and optical measurements, as well as computer modeling of DBD [11, 12] and APGD [13] , have been presented elsewhere.
Voltage-current waveforms and emission distribution of barrier discharges
A peculiarity of DBD is the presence of a dielectric insulator on one or both metallic electrodes, which leads to formation of numerous filamentary microdischarges of nanosecond duration. Figure 1 shows typical voltage and current waveforms that are observed in methane-fed DBD. It also shows a photograph of streamers taken with a high-speed intensified charge-coupled device (CCD) camera with 10-ns exposure time (i-Star DH712; Andor Technology). Numerous nanosecond current pulses are observed at every half cycle of applied voltage. The immediate termination of the developing discharge as a result of the charge built up on the dielectric barrier creates a highly reactive nonequilibrium condition at atmospheric pressure. Because of the charge accumulation on the barrier, microdischarges are dispersed randomly between the electrodes. Each filament corresponds to a nanosecond current pulse that appears in the current waveform. Figure 2 shows 80 kHz AC high voltage, and current waveforms obtained in atmospheric pressure diffuse barrier discharge in which S. Okazaki and coworkers designated it as APGD [2] . The APGD in Fig. 2 was produced in an identical barrier discharge reactor and power source shown in Fig. 1 . The only difference is that the feed gas is diluted by helium. With a minimum over-voltage, a single current pulse with 500 ns duration appeared at every half cycle of the voltage. Corresponding emission distributions in the visible spectrum are described in Figs. 2a-2b. Figure 2a shows discharge events synchronized with negative discharge current with 1-µs exposure time (metallic cathode-dielectric anode). Figure 2b was recorded during positive discharge current. Emission distribution is not localized in the radial direction, but intense emission layer is created near the temporary cathode in both pictures. The emission distribution of APGD has a structure that is similar to that of low-pressure glow discharge at the time when a single current pulse reaches its maximum [14] . At this moment, electron density in the temporary cathode layers can reach 10 11 cm -3 [14, 15] . Production of metastable-state helium by electron impact and associated Penning ionization becomes an important source of secondary electrons. The electron avalanche does not transform into streamer because the operating voltage is sufficiently lower in helium, and a glow-like discharge would mostly take place.
Relationship between rotational temperature and gas temperature Figures 1 and 2 show that feed gas breaks down repeatedly at regular intervals. Therefore, the following relation can express the net temperature increase in the gap. Here, T net represents the net temperature increase in the gap, T rot refers to the rotational temperature, T 0 is the initial temperature of incoming gas, ∆T ave represents time-and space-averaged temperature increase of feed gas, and ∆T plasma is the local and temporal temperature increase attributable to microdischarge or glow discharge formation. The rotational temperature was derived by the Boltzmann plot of rotational band of CH emission [9, 16] . The average temperature increase (∆T ave ) was determined using the balance of discharge power, which is not used for methane decomposition (endothermic reaction) and heat removal to both electrodes [10, 17] . On the other hand, ∆T plasma is the local and temporal gas temperature increase resulting from formation of transient discharges. To characterize the thermal structure of DBD and APGD, we must evaluate the individual contribution of ∆T ave and ∆T plasma to the net temperature increase (∆T net ).
Rotational temperature vs. initial gas temperature (see eq. 1) in methane-fed DBD is shown in Fig. 3 [10] . Rotational temperature is 100-150 K higher than the initial gas temperature because microdischarges are localized in a narrow filamentary region, but it showed sufficient sensitivity to the variation of the initial gas temperature. The results shown here are much higher than those provided by Luque et al. [18] as predicted by Kogelschatz [19] . They concluded that the temperature increase in microdischarges is about 15-45 K in CH 4 /CO 2 barrier discharges, which are operated by 14 kHz pulsed voltage (FWHM: ca. 2 µs). Comparison of these two conclusions suggests an important aspect. Highfrequency operation conducted in our experiment (80 kHz) induces microdischarges that excessively heat discharge channels. Increasing frequency in filamentary discharge mode induces a strong memory effect in which microdischarges are not dispersed well. The energy density in the remaining conductive channel, on average, increases as the number of discharge events increases during the "lifetime" of microdischarges. It was further investigated in DBD and APGD by specifically investigating the energy balance and heat transfer [10, 20] . Excess temperature increase in DBD (ca. 100 K) was also observed with respect to input power and gas velocity, as shown in Figs. 4 and 5. The rotational temperature in APGD is fairly close to the average gas temperature because the diffuse discharge decreases the power density. From Figs. 3 to 5, ∆T plasma in filamentary mode is nearly constant, regardless of the initial gas temperature (300-400 K), input power (0.5-3.8 W cm -2 ), and gas velocity (1-6 m s -1 ) insofar as gas gap (0.5 mm), dielectrics (0.5 mm Pyrex), and pressure were unchanged. Raising the input power for a given configuration simply increases a number of microdischarges per unit area of the electrode surface, whereas energy spent in an individual microdischarge, on average, does not change markedly. On the other hand, ∆T ave depends mostly on the input power and external cooling conditions: It approaches zero at zero input power (see Fig. 4 ). 
Distribution of net temperature increase across discharge gap (⌬T ave + ⌬T plasma )
As a practical matter, net temperature increase (∆T ave + ∆T plasma ) also poses important issues. Figure 6a shows the net temperature increase in DBD obtained using 80 kHz AC high voltage. When increasing input power, the net temperature increase (∆T net ) in the middle of the gap increases remarkably because of poor cooling conditions. The net gas temperature does not approach the electrode temperature (20°C), even when decreasing input power to zero, because energy spent in microdischarges does not continuously approach zero with decreasing input power. Consequently, gas temperature increases on both electrodes should correspond to ∆T plasmae . In fact, ∆T plasmae (ca. 100 K), which is shown in Fig. 4 , corresponds to the temperature increase on both electrodes (Fig. 6a) . In addition, these temperatures are uniquely independent of the input power. ∆T ave can be minimized by improving the external cooling condition of the reactor. However, the memory effect attributable to high-frequency operation induces considerable gas heating, which reached 100-150 K higher than the initial gas temperature. In APGD, the net temperature increase near the metallic electrode is remarkable, as shown in Fig. 6b , and significantly increases with input power. Temperature distribution is broadened by heat conduction through gas media (main component is helium).
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APPLICATIONS

Low-temperature fuel reforming using filamentary barrier discharge
Although industrial applications of C 1 chemistry depend mostly on catalytic conversion processes, plasma catalysis is highlighted as a unique technique for energy-saving and environment-safe purposes with increasing demand of hydrogen and synthesis gas [21] [22] [23] . More recently, atmospheric pressure nonthermal plasmas such as Plasmatron [24] and Glidarc [25, 26] are recognized as economically competitive plasma fuel converters. Electrical energy consumption of those plasma reactors is normally less than 10 % of heating value of the initial feedstock when those plasmas are combined with partial oxidation. The driving force of the reforming reaction relies essentially on heat released by partial oxidation, whereas the plasma preliminary enhances the combustion process of initial fuel and air mixture in a wide range of operating conditions. We have developed a DBD and catalyst hybrid reactor for combustion-free, low-temperature steam reforming of methane [27, 28] . This technique allows utilization of low-temperature thermal energy wasted from various industries, which eventually provides various energy utility options. The idea behind the project is that low-calorific fuels such as biogas can be upgraded in the temperature range of 300-500°C, which corresponds to the exhaust gas from an internal combustion engine, by the help of nonequilibrium plasma. The resulting hydrogen-enriched biogas improves the ignition stability and is then available to drive an internal combustion engine. Figure 7 illustrates the configuration of DBD and catalyst hybrid reactor. The basic idea of the hybrid reactor was first proposed by Mizuno and Yamamoto [29, 30] . The rod-to-tube (φ r 3 mm × φ i 20 mm) reactor was packed with catalyst pellets of 12 wt % Ni/γ-Al 2 O 3 (3 mm) in the volume of φ i 20 × 50 mm. Bipolar pulsed voltage (+/-20 kV at 1-5 kpps with FWHM: ca. 2 µs) was applied between the center and external ground electrode. The discharge is ignited at pellet contacts. It then propagates, thereby covering the pellet surface and providing the best interaction between plasma and catalyst. We used simulated biogas, which includes 60 % methane and 40 % nitrogen (CH 4 :N 2 = 6:4). The steam and methane ratio (S/C) was set to one (S/C = H 2 O/CH 4 = 1). The plasma hybrid process must convert 20 % of initial methane that enriches hydrogen in output gas by 32 % (dry base). It remarkably enhances the combustibility of poor biogas and can drive an internal combustion engine. Figure 8a shows an infrared image of a catalyst bed without DBD; panels 8b-8d correspond to the bed temperature with DBD. The reactor is made of sapphire so that the infrared signal transmits to the reactor wall. A caption of each image is accompanied by discharge power, endothermic enthalpy of steam reforming, and temperature of the external electrode measured by thermocouple. The same infrared image is available in color format in ref. [31] . In Fig. 8b , the temperature distribution of the catalyst bed is fairly uniform, and the excess temperature increase is avoided as long as the input power is reasonably minimized. The bed temperature increased remarkably downstream, and the bed temperature also increases much higher than the temperature of external electrode if input energy largely exceeds the endothermic enthalpy of steam reforming (Figs. 8c and 8d ). In this operation regime, the heat produced by DBD dominantly promotes a steam reforming reaction. In other words, the net increase in methane conversion is brought by the net increase in the temperature of the catalyst bed [31] . Figure 9 compares methane conversion and hydrogen selectivity obtained using three different conditions. The results clearly show that methane is decomposed only slightly by filamentary barrier discharge because the discharge power was limited in order to avoid an excess temperature increase of the bed (see Fig. 8b ), i.e., the specific energy input was less than 120 kJ mol CH4 -1 (ca. 13 % of HHV of CH 4 ). According to Fig. 9 , the Ni/γ-Al 2 O 3 catalyst is more effective than DBD, but results do not reach chemical equilibrium because the space velocity is high (GHSV = 11 500 h -1 ). On the other hand, the combined result reached equilibrium in the temperature tested. It is important to note that once methane conversion reaches chemical equilibrium, a synergistic effect between DBD and catalyst is no longer expected even if DBD produces excited species because methane conversion is governed by thermodynamic limitation. Note that methane conversion can reach chemical equilibrium without DBD when GHSV is 3600 h -1 : A nonequilibrium plasma does not exhibit a synergistic effect, and DBD seemingly works as a heat source in that operation regime. Figure 10 schematically presents a potential curve for methane molecule, showing tentative reaction mechanisms in a hybrid reactor [27] . Thermal dissociation of methane to H and CH 3 , for example, follows the ground-state potential curve (II). This process requires a high-temperature heat source (>800°C) and consumes 4.26 eV dissociation energy per molecule. Methane dissociation by electron impact must follow an upper electronic state that is expressed as a dissociation curve (I). The great benefit of electronic processes is that methane decomposition proceeds independently of temperature and pressure, but its main drawback is that electrons must lose more than twice as much energy as dissociation energy by single collision (9-12 eV >> 4.26 eV). Excess energy fed into methane molecule is dis- tributed to the kinetic energy of H and CH 3 . Based on our numerical simulation [27] , 50 % of electrical energy can be distributed to the dissociation collision to form CH i (i = 0,1,2,3) and H radicals. However, 60 % of that excited energy must be released for gas heating as an excess input energy: 30 % of the electrical energy fed into methane molecules can be utilized to dissociate the strong C-H bond of methane. This is the reason that the energy cost of plasma fuel conversion is much higher than that for thermal processes. The plasma-enhanced catalytic reaction is explained using a two-step process as shown in Fig. 10 (III) . Two vibrational states of methane are produced through inelastic electron collision. Dissociative chemisorption of vibrationally excited methane takes place at lower temperature than that of normal reforming reaction [32] : 35 % of the energy fed into vibrational states, which is inherently wasted in an ordinary DBD reactor, can be utilized in hybrid reactor. In addition, the number density of vibrational species is 10 2 times higher than electrons. Utilization of vibrationally excited methane in plasma catalysis potentially increases the efficiency of the chemical conversion process in a large degree.
Deposition of carbon nanotubes in highly collisional cathodic sheath: Atmospheric pressure plasma-enhanced chemical vapor deposition
Atmospheric pressure plasma-enhanced chemical vapor deposition (PECVD) offers great benefits for numerous practical applications. It minimizes the need for vacuum systems and enables the handling of bulky materials in a continuous process. Our group had developed an atmospheric pressure PECVD process for the deposition of carbon nanotubes [33] . In that study, we pointed out that the existence of an energetic cathode region is essential for the growth of carbon nanotubes. However, the quality of nanotubes, such as their diameter, number density, and orientation, was hard to control using an ordinary APGD operated at 10-130 kHz frequencies [34] . The main drawback was that a highly transient plasma is formed intermittently with only a small duty cycle [13, 15, 20] . In those experiments, effective deposition occurred when the bottom electrode was the momentary cathode where discharge current flows in an interval of ca. 500 ns (see Fig. 2 ). The duty cycle for effective deposition was between 0.5 and 6.5 % of the cycle time. Furthermore, the cathodic ion sheath, which is essential for the alignment of carbon nanotubes [35] , cannot be formed in low-frequency operation. High-frequency operation presents several advantages [4, 36] . First, the APGD is regarded as continuous plasma if the operating frequency is sufficiently larger than the inverse of the duration of the current pulse (e.g., 13 .56 MHz >> 1 MHz = (2 × 500 ns) -1 ). In this operating regime, ions are "trapped" in the discharge gap in the sense that they do not leave the gap during one discharge pulse, as in the case of the low-frequency APGD. Carbon nanotubes growth might benefit from the quasi-stationary cathodic sheath, where a large potential drop exists. In addition, the operating voltage is remarkably reduced associated with the "ion trapping" which minimizes the formation of a filamentary discharge. In fact, a stable glow discharge can be sustained between two metallic electrodes without a dielectric barrier. The absence of the dielectric barrier might create a large potential drop in the cathodic sheath, whereas ion bombardment should be negligible attributable to the highly collisional ion motion at atmospheric pressure. Although the role of the cathodic sheath for low-pressure PECVD of carbon nanofibers (CNFs) was investigated intensively [37] [38] [39] , deposition of carbon nanotubes/nanofibers in the highly collisional cathodic sheath is not fully understood: not only the electric field, but also the directionality of the ion movement, the ion energy and ion flux, and the mean free path of particles with respect to length of CNFs might have a significant influence on the growth process [40] . Figure 11 shows an APRFD reactor for carbon nanotube deposition. The RF power source was connected to the upper electrode that is made up of sintered fine metal powder for the uniform gas distribution, whereas the bottom electrode was grounded. Figures 12a and 12b show the spatial emission profile of Hα (656 nm) taken with a band pass filter. Figure 12a shows clearly that intense emission layers are created near the temporary cathode. There is a small asymmetry in the emission intensity that is attributed to the different electrode temperatures and the correspondingly different gas density at the cathode layers. Weak emission exists from the bulk plasma, but its intensity is much lower than that of the cathode layers. The dark space is recognized as a thin dark layer sandwiched by cathode layer and electrode surface. Figure 12b shows that excess input power induced a transition from a uniform α-mode discharge to non-uniform γ-mode discharge that is characterized by intense plasma spots created in the dark space [41] . Raja et al. performed numerical simulation of high-pressure glow discharges in helium with trace amounts of N 2 [36] . According to their results, an intense cathode layer works as a radical source where ionization and excitation of molecules dominantly takes place. The authors showed that the electron density in cathode layer could reach 10 11 cm -3 with a limited amount of nitrogen admixture that efficiently promotes Penning ionization. In our experiment, however, both emission intensity and conduction current decreased by adding a mixture of H 2 /CH 4 (<1 %), implying that plasma density decreases well below 10 11 cm -3 . They also mentioned that maximum electric field (ca. 4 kV cm -1 ) exists in between the cathode layer and momentary cathode, which corresponds to the dark space shown in Fig. 12a . Figure 13 shows CNFs deposited on a silicon substrate at 700°C. The substrate was coated initially with Cr underlayer (20 nm) and Ni catalyst layer (20 nm) [42] . Figure 13a shows the result of a deposition without plasma. It is important to note that for the deposition condition (He/H 2 /CH 4 = 1000/4/2 cm 3 min -1 at 700°C) and the substrate used (Ni/Cr-coated silicon wafer), thermal CVD CNF growth would have to be expected. In fact, CNF growth seems to start at a number of nanoparticles, but a clearly developed structure of CNFs is missing. The application of the APRFD plasma engenders to the formation of radical species in the cathode layer that clearly enhances the growth process. Figures  13b-13d show CNFs deposited at different H 2 /CH 4 ratios with the APRFD plasma for 5 min. No remarkable difference is apparent in the morphology and growth rate for each case. In addition, CNFs were initially well aligned in each case, but directional randomness increases as CNFs grow. The transmission electron microscropy (TEM) images showed that the catalyst particles on top of CNFs are completely covered by solid carbon. The deposition rate is sufficiently rapid in the APRFD that the catalyst particles rapidly precipitate solid carbon and lose their catalytic activity for further growth. The spectral emission distribution of CH (432 nm) indicates qualitatively that the density of carbon-related radicals is much higher than that of atomic hydrogen in the cathode layer. Further increase in hydrogen was speculated to minimize the contamination of catalyst particle; however, as shown in Fig. 13 , it did not make a remarkable difference for the morphology of CNFs. One possible explanation is that atomic hydrogen recombines at a high rate at atmospheric pressure because three-body recombination is the main loss pathway: H + H + M → H 2 + M. Excess amounts of hydrogen might not necessarily result in a higher density of atomic hydrogen, but they might engender a detrimental decrease in plasma density as discussed previously. An increase in etchant radicals is a critical issue for further improvement of atmospheric pressure PECVD used in CNF deposition. A process starts with the full decomposition of TEOS molecules to form atomic silicon. It is interesting to note that strong emission from atomic silicon was observed at 288 nm and around 250-253 nm, in which neither of them have been identified in TEOS low-pressure plasmas [45] . High-density microplasma would cumulatively be able to dissociate all four strong Si-O bonds; and then ion-induced homogeneous nucleation would take place downstream of the plasma plume. Note that emissions from SiH, SiO, and OH were not observed in the microplasma. The temperature of particles during the growth process is apparently the same level as gas temperature (ca. 1500 K) because of the numerous collisions among clusters/nanoparticles and gas molecules. Figures 15a-15c show SEM images of silicon-related particles deposited at different TEOS concentrations on the TEM grid. Diameters of particles remarkably decrease by minimizing the TEOS concentration, and fine dendritic structures are visible around the edges of the TEM grid. Figure 15d shows the corresponding TEM image of Fig. 15c . The image shows coagulated nanoparticles whose diameters were between 20 and 50 nm. A crystalline structure of silicon was not observed, but a small amount of graphitic structure was detected when the input power was 20 W. Energy-dispersive X-ray (EDX) analyses revealed that the atomic ratios of carbon, silicon, and oxygen of those particles were about C:Si:O = 53:32:15. A weak signal from amorphous silicon was also detected in Raman spectra near 480 cm -1 , but observation of its Fourier transform infrared (FTIR) absorption spectra confirmed that those particles are mostly silicon oxide, i.e., SiO X : X ≈ 0.5. TEOS has a single silicon atom that is stabilized with four ethoxy group ((C 2 H 5 O) 4 Si) which might inherently produce silicon oxide rather than silicon nanocrystals. The proposed microplasma reactor can synthesize silicon nanocrystals if a correct silicon source is used. We are trying to install facilities that can process tetrachlorosilane instead of TEOS for the synthesis of silicon nanocrystals. Further improvement of the microplasma reactor is being planned. 
CONCLUDING REMARKS
We discussed fundamental characteristics of filamentary and diffuse barrier discharges. Various applications based on our recent work were overviewed briefly. Industrial application of atmospheric pressure nonequilibrium plasmas will continue to expand into various engineering fields. At the same time, a number of technical challenges have emerged. The major challenge that we would like to emphasize is to suppress the thermalization of nonequilibrium plasmas. Although atmospheric pressure nonequilibrium plasma is recognized as a weakly ionized low-temperature plasma from the fact that its electron temperature is much higher than its gas temperature, electrons are likely to lose their energy through vibrational, rotational, and even momentum transfer collisions. Radical species produced by energetic electrons are the main driving force of chemical conversion processes; however, heat generated by nonequilibrium plasma also accelerates thermal reactions. Modern plasma reactors become compact and are operated at higher frequencies (500-500 kHz). Specifically, in filamentary barrier discharges, increasing power density likely increases the number of filaments per unit area and unit time, whereas electron energy and electron density in each filamentary discharge seem to remain unchanged: Input power is preferably distributed to thermal energy rather than producing radicals. On the other hand, a microplasma developed in our lab can produce high-density reactive nonequilibrium plasma at atmospheric pressure. It is a boundary-dominated plasma; consequently, the heat produced in a microscale reactor is eliminated efficiently through the reactor wall. Therefore, gas temperatures can be limited up to 1500 K for high-density plasma (electron density of ca. 10 15 cm -3 ). Although its temperature reaches much higher than room temperature, it is able to provide highly chemical nonequilibrium status. Scientific understanding of the thermodynamic nonequilibrium nature of those plasma sources is strongly needed for further development of this new field of plasma science and technology.
